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Quantitative assessment of landslide frequency versus magnitude of 
displacement 
Abstract 
Understanding landslide frequency is an important challenge in the process of the assessment of 
landslide risk. Importantly, from the perspective of landslide risk management today, this paper 
investigates the relationship between 'how often will a landslide move' and 'how far will it move when it 
does move'. Such relationships must reflect the continuum between the lower frequency 'catastrophic' 
type failures and the much higher frequency millimeter type magnitudes of displacement; and intervals 
along this continuum will likely have different management significance. So, when considering the 
frequency of landslide move-ment, the full question must be 'what is the frequency of a given magnitude 
of displacement'? Several site specific case studies will be presented highlighting both the data collected 
and also the subsequent analysis of this data as part of the research towards answering the question 
'what is the frequency of a given magnitude of displacement'? 
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1 INTRODUCTION 
1.1 Landslide Risk Management 
As many workers have discussed over the last dec-
ade and particularly in the last few years (Lee 2009 
and Corominas & Moya 2008) the assessment of the 
probability of landsliding as part of any Landslide 
Risk Management program is indeed a difficult task. 
The AGS (2007a) Guidelines define Hazard as a 
condition with the potential for causing an undesir-
able consequence and continue explaining the de-
scription of landslide hazard should include the loca-
tion, volume, classification and amongst others the 
probability of their occurrence within a given period 
of time.  The AGS (2007a) Guidelines defines Land-
slide Hazard Zoning as taking the outcomes of land-
slide susceptibility mapping, and assigns an esti-
mated frequency (annual probability) to the potential 
landslides. This paper provides examples of how far 
and how often some landslides have moved and at-
tempts to assign frequencies to these movements. 
1.2 Likelihood, Frequency and Annual Probability 
The terminology we use still has some variations 
and it is important to understand these. In the AGS 
2007 Practice Note, Frequency is defined as the 
measure of likelihood expressed as the number of 
occurrences of an event in a given time with a note 
to also see definitions of Likelihood and Probability. 
In the Practice Note, Likelihood is used as a qualita-
tive description of probability or frequency whilst 
Probability is defined as a measure of the degree of 
certainty. This measure has a value between zero 
(impossibility) and 1.0 (certainty) and it is an esti-
mate of the likelihood of the magnitude of the uncer-
tain quantity, or the likelihood of the occurrence of 
the uncertain future event. In the AGS (2007b) Prac-
tice Note matrix, the assessment of any probability 
or frequency measure (annualised) is applied with 
the aid of the Table 1, which is entitled Qualitative 
Measures of Likelihood. 
The AGS (2007) and Lee (2009) reflect on two 
contrasting interpretations on the assessment of tem-
poral probability. These are the Statistical or Fre-
quentist view and the Subjective probability or De-
gree of Belief view. The Statistical or Frequentist 
view arises from the outcome of a repetitive experi-
ment and it also considers population variability. 
The historical record is the key to the future in this 
approach and rest solely on the development of time 
series data, a landslide history or inventory for the 
study area to develop relative frequencies. 
In the Subjective degree of belief probability, un-
derstanding the circumstances associated with land-
slide events is the key to the future. The assessment 
is a quantified measure of belief, judgment, or con-
fidence in the likelihood of an outcome, obtained by 
considering all available information honestly, 
fairly, and with a minimum of bias. As Lee (2009) 
explained, at its simplest level, probabilities may be 
rated in one of a number of bands (i.e. any of the  
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rows in Table 1) drawing on the available knowl-
edge of site conditions and experience. There may 
be a history of landsliding in the area with no docu-
mentation. Subjective probability is affected by the 
state of understanding of a process, judgment re-
garding an evaluation, or the quality and quantity of 
information. Often the best place to make the as-
sessment is in the field with the specific projects 
own (possibly modified) version of Figure 1 in hand. 
The assessment may change over time as the state of 
knowledge changes, and that is entirely appropriate. 
The development of Slope Evolution Process Rate 
models elucidated by Moon et al. (2005) and Fell & 
Moon (2008) represent the pinnacle of this approach 
and is a technique recommended most highly. 
1.3 Temporal versus Spatial frequency 
The discussion of landslides that have occurred over 
a period of time, whether or not time series data has 
been used, can be considered as time based and 
these will be reduced to annual probabilities. More 
recently, spatial frequency is often quoted courtesy 
of the ease with which it can be determined through 
the application of GIS-based technologies with ge-
neric tools given the development of Landslide In-
ventories. Spatial frequency or density can be an 
integral component of Susceptibility zonation, al-
though further discussions of this topic is outside the 
scope of this paper. 
2 MONITORING CASE STUDIES 
2.1 Site 355 in the Illawarra area of New South 
Wales, Australia 
Site 355 is a deep-seated slow moving ‘slide’ cate-
gory landslide with a volume of approximately 
35,000 m3, situated in the Permian and Triassic sed-
imentary rocks of the Sydney Basin. This volume 
includes in the upper head area of the landslide, an 
approximate 5,000 m3 emplacement of graded coal-
wash fill. This site was first identified and incorpo-
rated into the University of Wollongong Landslide 
Inventory in August 1998. This was as a result of a 
major rainfall event that affected the local Wollon-
gong region. At this site, 30 day cumulative totals 
during the August 1998 event had an Annual Ex-
ceedance Probability (AEP) of approximately 0.3, 
being well north of the areas of heaviest falls during 
August 1998. In 1998, local residents reported a 
previously unknown failure at this same site in the 
early 1970’s (hence the August 1998 event at this 
site was a re-activation). Whilst not determined pre-
cisely, rainfall records and aerial photograph inter-
pretations indicate the failure may have occurred in 
1975. A daily total of 270 mm in mid 1975 corres-
ponds to an AEP of 0.05 and the 30 day cumulative 
total at that time corresponds to an AEP of 0.15.  
A preliminary geotechnical investigation of this 
landslide, carried out by the University of Wollon-
gong, has shown that this landslide presents a high 
risk to certain residential properties adjacent to the 
headscarp of this landslide. A subsequent Geotech-
nical Investigation by GHD (2005) assessed the 
same high risk to properties and a tolerably low risk 
of loss of life. Further discussion of the risk assess-
ments is outside the scope and space limitations of 
this paper. 
The risk assessment was an important factor that 
resulted in the construction of the University of 
Wollongong Landslide Research Teams’s second re-
search based continuous landslide monitoring station 
at this site. Initially, three In Place Inclinometers 
(IPI), two vibrating wire piezometers and one rain-
fall pluviometer were installed at the site. The early 
monitoring results have been discussed in Flentje et 
al. (2005). Ongoing slide movement has resulted in 
several borehole and inclinometer replacements due 
to ongoing shearing, and ultimately the abandon-
ment of this type of subsurface monitoring due to the 
high maintenance costs. In early 2010, two surface 
mounted GeoKon Long Range displacement exten-
someters were installed. The complete hourly record 
of monitoring at this site covering 8 plus years is 
shown in Figure 2. This data records 18 landslide 
movement ‘events’ since October 2003 where the 
site has accelerated to above 0.5 mm/day. In 11 of 
these events, the site has accelerated to above 1 
mm/day and in 6 of these the site has accelerated to 
above 2 mm/day, 3 have accelerated to above 3 
mm/day and one to above 4 mm/day.  
These rainfall AEP values and the continuous 
monitoring rate frequencies are tabulated in Table 2. 
All of these frequencies, considered as annual 
 
 
Figure 1. Rainfall and performance monitoring history, October 2003 to Dec 2011 for Site 355 in the Wollongong Local Govern-
ment Area, southern New South Wales, Australia. Includes daily and cumulative rainfall, continuous pore water pressure, in place 
inclinometer and extensometer data (for the latter two this includes both cumulative and rate of displacement). 
 
Table 2. Assessed Frequency (expressed as an Annual Probability) outcomes based on landslide performance in the historical record 
and 8 years and 3 months of continuous hourly monitoring (72,300 hours). 
 
probabilities, fall into the first row of Table 1, that is 
are greater than 5 × 10-2 and hence can be classified 
as Almost Certain. The larger displacement events 
of August 1998 and that in 1975 and up to say, 1m, 
could be regarded as falling in the 5 × 10-2 to 5 × 10-
3 range, the Likely category. It is recognised that as-
sessments in this frequency range are generally easi-
er to make than those in the lower categories. 
It is well know that landslides are driven by pore 
water pressure. However, rainfall is often used as a 
quantum against which landsliding can be compared 
as rainfall has been recorded for a long time and the 
data is more accessible and readily quantifiable. 
Well established hydrological assessments include 
Intensity Frequency Duration (IFD) and Annual Ex-
ceedance Probability (AEP) relationships based on 
the rainfall history. Of course the relationship of 
rainfall to pore pressure is clear, at least in simple 
terms although in reality it is often more complex.  
However, it is really pore water pressure that is of 
more interest when meaningful data is available.  
Pore pressure data is available for Site 355, as is 
shown in the two curves in the middle of Figure 2. 
The deep vibrating wire piezometer (vwp) shows 
very clear positive responses to the heavier rainfall 
events when movement has occurred at this site. 
This vwp sensor has risen to 10 kPa (just 1m+ in-
crease) or more in all but one or two incidences of 
recorded movement at this site. During the mid 2005 
event however, the deep pore pressure did not reach 
10 kPa, yet the movement accelerated to almost 5 
mm/day. We can therefore start to consider pore 
pressure thresholds for this site in addition to rain-
fall.  
2.2 The Clifton Springs Dell Landslide south of 
Geelong in Victoria 
The Dell is located approximately 15 kms east of 
Geelong on the northern coastline of the Bellarine 
Peninsula near the town of Clifton Springs in south-
western Victoria. Clifton Springs is located on the 
south side of Corio Bay on the western side of Port 
Performance being considered Frequency Comments
2 events with 0.2m to 0.5m headscarp, 1975 and 1998 0.09 2 disruptive failures in 23 years
Annual Exceedance Probability - 1975 max daily (250mm) 0.05 Bureau of Met AEP calcs
Annual Exceedance Probability - 1975 5 - 90 day, all 1998 0.15 - 0.3 Bureau of Met AEP calcs
CRTM 8 year record to Dec 2011 - 18 events > 0.5 mm/day 1 Hourly record
CRTM 8 year record to Dec 2011 - 11 events > 1.0 mm/day 1 Hourly record
CRTM 8 year record to Dec 2011 - 6 events > 2.0 mm/day 0.75 Hourly record
CRTM 8 year record to Dec 2011 - 3 events > 3.0 mm/day 0.375 Hourly record
CRTM 8 year record to Dec 2011 - 1 events > 4.0 mm/day 0.125 Hourly record
Phillip Bay south of Melbourne. The Dell is a natu-
ral amphitheater and is a prominent feature on this 
coastline being used extensively by the local com-
munity as a retreat and beach access. The geology is 
quite complex, comprising late Neogene faulted vol-
caniclastic sediments and being in the near coastal 
zone it has been influenced by the +130m Holocene 
and Neogene sea level variations. 
Figure 2. Oblique aerial view of the Dell landslide. 
 
Evidence of landslide movement in the form of 
tension cracks and displacements of up to several 
hundred millimeters was observed across the site in 
late 2001 and following detailed investigation this 
movement was assigned to the April rains in 2001 
(which has been assessed as a 24hr 100 year ARI 
event). Investigations have confirmed the site com-
prises a composite set of landslides all superimposed 
on a complex translational basal slide with a volume 
of approximately 80,000 m3. This site has been con-
tinuously monitored periodically since 2002 and 
continuously, hourly, since mid 2005 as presented in 
Figure 4. 
Small scale pumping (extracting) of groundwater 
from a number of wells was trialed at the site be-
tween 2003 and early 2009. Whilst not reliably mo-
nitored over time, pump volumes per borehole ap-
pear to have been in the order of 2 - 5 Kilolitres per 
day. The Pump status (on/off) is shown in Figure 4. 
The positive effects in lowering the groundwater and 
reducing rates of movement during lower groundwa-
ter periods are clear. The pumping equipment 
proved to be an unacceptable headache and mainten-
ance cost and it was switched off in 2008. Since that 
time groundwater pressures have been steadily ris-
ing. 
The periodically monitored subsurface shear dis-
placement at 11m depth in BH 50 is shown in the 4th 
Y axis and its rate of displacement (mm / day) is 
shown in the 5th Y axis up from the bottom of Figure 
3. This curve incorporates data collected during 
more than a dozen site monitoring visits over three 
years. This curve displays two periods of movement, 
several mm’s in early to mid 2004 and a prominent 
episode of acceleration of up to 0.6 mm / day in June 
2005. This period of acceleration has been attributed 
to the February 2005 rainfall event and this demon-
strates the lag effect at this site between the timing 
of the ‘triggering rainfall event’ and movement. The 
lag period seems to be approximately 3 months. This 
is considered to be the result of water collecting in 
 
Figure 3. The Clifton Springs Dell landslide rainfall and performance monitoring history, January 2001 to Dec 2011 with daily and 
cumulative rainfall, manual and in place inclinometer data (cumulative and rate of displacement), continuous pore water pressure, 
extensometer, and pump status. 
 
Table 3. Magnitude of movement versus cumulative rainfall totals at the Dell landslide. 
 
 
the subsurface profile within the catchment recharge 
area and then the elevated piezometric front travel-
ling downslope to the site. 
A total of nine and one half years of hourly conti-
nuous extensometer logging and six and one half 
years of hourly continuous vibrating wire piezome-
ter and In Place Inclinometer logging data is also 
shown in Figure 3. The IPI data suffers from spikes 
(correlating with the symbols on the manual incli-
nometer curves) due to manual intervention to re-
move the IPI string and record manual inclinometer 
profiles. However, the data in between these spikes 
does also show some minor cumulative displace-
ment in line with that movement shown for BH 50. 
A useful tip here is that if you are installing bore-
holes for In Place Inclinometers, do install a neigh-
boring borehole with an inclinometer casing for ma-
nual profile recording, so you can leave the IPI’s in 
place to record without disturbance (simply a must). 
In 2005, an event of similar magnitude to the 
2001 100 year ARI event also affected the site. De-
spite the pumping operations being partially over-
whelmed at the time of the 2005 event, groundwater 
pressures were reduced enough to limit site move-
ment to only 10 mm (Fig. 6, Flentje et al. 2010). 
This was in spite of the fact that the two triggering 
events were of the same magnitude. However, like 
the 2001 event, this occurred after the rainfall event. 
With the benefit of the monitoring, the lag on this 
occasion was approximately 3 months. 
The continuous monitoring station continues to 
provide high resolution data from this site. A sum-
mary of magnitude of movements with correspond-
ing rainfall totals is provided in Table 3. The 1 day 
totals all plot on or below the 1 year Average Recur-
rence Interval curve for the local IFD curve for Clif-
ton Springs. AEP curves for the longer durations 
have not been prepared for this site yet. 
2.3 The Taroona landslide in Hobart, Tasmania 
The Taroona landslide is located in the suburb of Ta-
roona approximately 10 km south of the City of Ho-
bart in Tasmania, Australia. The site is situated on 
east facing slopes to the south east of Mt Wellington 
and above the Derwent Estuary – an important sea-
way leading to the City and port of Hobart. The 
landslide is situated on a large Quaternary – Neo-
gene alluvial fan complex comprising sediments and 
volcanics which are underlain by dolerites of Juras-
sic age and mudstones and sandstones of Permian 
age. The Derwent Estuary has been successively cut 
during successive glacial lowstands and inundated 
during the interglacial periods. The Taroona 
landslide is a very large, complex slide category 
landslide that, like the Dell landslide, has both a ter-
restrial and a marine portion. The Taroona landslide 
is approximately 650 m from the rear main head 
scarp to the submerged toe (not well defined) and is 
up to 275 m across. The deepest inclinometer bore-
hole near the centre of the landslide indicates shear-
ing occurs at 53.5 m below the ground level (22.7 m 
below sea level). These dimensions define a revised 
landslide volume of approximately 4.5 million m3. 
This landslide has been discussed briefly in a pre-
vious paper by the same authors, Flentje et al. 
(2010). 
The total rainfall, pore water pressure and incli-
nometer monitoring history of this landslide is 
shown in Figure 4. This figure shows a period of ac-
celerated movement during 1996, which corresponds 
to higher 30 and 90 day cumulative rainfall totals in 
1996. Figure 4 also shows the near constant average 
rate of ~ 5 mm per year displacement in many of the 
inclinometers – although this is variable over time. 
This figure also includes a vertical line in August 
2008 at which time an hourly recording continuous 
monitoring station was constructed on site in colla-
boration between Mineral Resources Tasmania and 
the University of Wollongong. This project was 
funded through the Emergency Management Aus-
tralia Natural Disaster Mitigation Program. This 
monitoring project has introduced a rainfall pluvi-
ometer onto the site, two vibrating wire piezometers 
and two In Place Inclinometers, all of which have 
been installed in the head area of the landslide adja-
cent to the Channel Highway and the Primary 
School. Periodic manual inclinometer monitoring of 
a new borehole MRT I08 – 01 drilled and lined with 
inclinometer casing to house the In Place Inclinome-
ters is shown in Figure 5. Manual and In Place moni-
toring of displacement of this casing at 11.5 m is al-
so shown in Figure 4. 
An early programming bug in the algorithm for 
the In Place Inclinometer’s (IPI’s) has been cor-
rected and data recovered where possible. The IPI 
data also shows two phases of accelerated movement 
in late 2009 and late 2011 with the site moving at  
1 day 7 days 14 days 30 days 60 days 90 days
20 30 45 70 100 120
25 45 65 80 120 150
40 65 75 115 150 225
Cumulative Rainfall Totals
neligible movement <4 mm
slight movement 4mm to 20 mm
significant movement 20 mm+
Magnitude of observed movement
 
 
Figure 4. Rainfall and performance monitoring history, spanning the period January 1 1990 to 11 Dec 2011 at the Taroona 
landslide, in Hobart, Tasmania. Data Includes daily and cumulative rainfall, manual and in place inclinometer data (cumulative and 
rate of displacement) and continuous pore water pressure data. . 
 
 
Figure 5. Manual Inclinometer profiles from the MRT I08 BH 
located in the ehad area of the Taroona landslide. Data span-
ning the period July 2008 to May 2010. 
 
hourly rates extrapolated to annual movements in 
excess of 10 mm. The cumulative movement graph 
for the IPI installed at 11.5 m to 12.5 m depth con-
firms the site has displaced over 20 mm during each 
of these periods. This data is confirmed by the ma-
nual inclinometer profile which closely matches the 
IPI displacement curve. The IPI data does however 
show higher resolution event based displacements. 
Site observations and monitoring has confirmed 
this site has been moving for over 50 years. In 1988 
test pitting of the road revealed that a total of ap-
proximately 600 mm vertical displacement had oc-
curred where the head scarp crosses the Channel 
Highway. Survey comparisons between 1977 and 
1988 revealed that a 100 m long stretch of the high-
way had moved down slope approximately 130 mm. 
Periodic and Continuous monitoring on site have 
now confirmed 100 mm of subsurface shear dis-
placement in 20 years. Continuous hourly monitor-
ing over the last three years has twice recorded 20 
mm or more of displacement over periods of a few 
months, at hourly rates consistently above the Cru-
den and Varnes 1996 Extremely Slow rates of 15 
mm per year and into the Very Slow category of 
movement. These rates are slightly higher than pre-
viously expected. The writers have previously as-
sessed that on an inter-decadal type of recurrence 
(greater than 10 year return period) accelerated 
movements (i.e. > 15 mm per year of displacement) 
of the ‘very slow’ category could be expected and 
these have now been recorded. 
In extrapolating this quantitative experience on 
the basis of judgment, a 1 in 100 type of triggering 
rainfall event (considering possibly up to 150 days 
cumulative rainfall) may lead to landslide displace-
ments in the range of one decimeter and possibly up 
to a meter across the site. Further, if a seismic trig-
ger or other event such as a Probable Maximum Pre-
cipitation type event was to occur at say, a 1 in 
10,000 or even much smaller exceedance probability 
event, a failure on site could result in significantly 
accelerated rates of movement across the site. Some 
of the smaller coastal landslides and or man-made 
batters and structures within this very large landslide 
may have higher frequencies of failure and move at 
faster velocities. 
3 CONCLUSIONS 
Landslides will, over time display a continuum of 
movement magnitudes and rates in response to the 
environmental factors that affect the site. The most 
common environmental influences will be rainfall 
and its affect on pore water pressures, but anthropo-
genic factors can also play a large part. The assess-
ment of landslide frequency as part of any Landslide 
Risk Management strategy is required to fully asses 
these continuums of movements together with the at-
tendant consequences. Total risk and design life 
cycle costing requires the full assessment of the fre-
quencies of these continuums of movement and their 
consequences. 
With landslide volumes ranging up from 35,000 
m3 up to 4.5 million m3 and with the sites each being 
some 700km distant from one another, in differing 
Australian climatic zones the range of frequency 
magnitudes established is not surprising. The dewa-
tering operation at the Dell also introduces an anth-
ropogenic factor that must be considered. The 
35,000 m3 volume Site 355 displays an annual 
movement of 10 – 15 mm during an event, move-
ment of up to 0.5 m every 20 years or so and move-
ment of a meter or more could be expected every 
100 years. The 80,000 m3 volume Dell landslide 
complex displays annual movement of 20mm or so 
per event, and 0.2 m every 20 – 50 years. The simi-
larities between these two sites given the similar 
landslide volumes is perhaps not that surprising. The 
Taroona landslide on the other hand has been shown 
to have near continuous movement with an average 
rate of approximately 5 mm per year displacement 
with accelerations up to 10mm per year on several 
occasions. On an inter-decadal type of recurrence 
(10 - 20 year return period) accelerated movements 
(i.e. > 15 mm per year of displacement) of the ‘very 
slow’ category have now been recorded. In extrapo-
lating this quantitative experience on the basis of 
judgment, a 1 in 100 type of triggering rainfall event 
(considering possibly up to 150 days cumulative 
rainfall) may lead to landslide displacements in the 
range of one decimeter and possibly up to a meter 
across the site.  
The assessment of landslide magnitude of dis-
placement versus frequency of movement is chal-
lenging. The relationships will depend on the geo-
metry, volume and failure mechanisms of each 
individual landslide, the climate and weather of the 
day and of course the triggering factors at the time 
of failure. Generalized relationships may be devel-
oped for given regions, but will most likely have dif-
ferent criteria for different landslide types (i e, falls, 
flows and slides) and landslide volume categories. 
However, the development of such relationships will 
be of tremendous value for asset and risk manage-
ment practices and also for the development of real-
time warning capabilities. 
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